Six compounds known to be photo-genotoxic were assayed with the photo-irradiated 96-well umu test system using the original Salmonella strain TA1535/pSK1002 as well as the newly developed strains NM8001 and NM8021. The latter two strains were obtained by introducing the pSK1002 plasmid into strains YG3001 and YG3021. These strains are highly sensitive to oxidative DNA damage owing to the deletion of the nucleotide excision repair enzyme uvrB and the base excision repair enzyme mutY and the nucleotide excision repair enzyme uvrB and the base excision repair enzymes mutY and mutM, respectively. Among the compounds tested under UVA irradiation, methylene blue, neutral red and dichlorobenzidine showed only a slight induction of b-galactosidase activity, whereas 8-methoxypsoralen, chloropromazine and 9,10-dimethylbenzanthracene showed a significant increase in the relative LacZ level as an indicator of genotoxicity. The activity of NM8001 induced by the photo-genotoxins was quite similar to that of NM8021, which indicated that the deficiency of mutY did not affect detection of the selected photo-genotoxins. With NM8001, under UVA light, riboflavin was able to induce the SOS response in bacterial cells. Moreover, neutral red was also found to exert photo-genotoxicity under fluorescent light. Phenalenone, a known atmospheric contaminant present in large amounts, showed positive response with NM8001 under UVA. These results indicate that the photoirradiated 96-well version of the umu test can be used for rapid screening of the photo-genotoxicity of compounds.
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Introduction
The mutagenic/carcinogenic compounds that are widely distributed in our environment generally require metabolic activation in mammalian cells to exert their genotoxicity. Recent studies have shown that exposure to solar light energy of wavelengths of 200-800 nm (UV-visible light) can activate several pro-mutagenic compounds (1-3) present in some cosmetics, pharmaceutical products, food additives and dye pigments. These compounds become genotoxic by light stimulation (4) (5) (6) (7) (8) , and genotoxicity triggered by photoirradiation is generally referred to as photo-genotoxicity (9) . Classically, photo-genotoxic compounds include naturally occurring furanocoumarins such as 8-methoxypsoralen (8-MOP) (10); a drug for human and veterinary medications, chlorpromazine (CPZ) (11) and two dye compounds, methylene blue (MB, 3,7-bis(dimethylamino)phenazathionium hydrochloride) (12) and neutral red (NR, 3-amino-7-dimethylamino-2-metylphenazine hydrochloride) (13) . More recently, maltol, a compound related to kojic acid, which had been used as a food additive, and some natural colourants used for food in Japan were found to be photo-mutagenic (7, 14) .
An increasing number of compounds are now proven to be photo-genotoxic, but the mechanism of action on DNA varies with the compounds. Photosensitised oxidation is often involved in DNA damage by photo-genotoxic compounds irradiated with UVA. These oxidation processes are classified as type I if they involve electron transfer or hydrogen abstraction and type II if they involve production of singlet oxygen molecules (15) . Guanine in DNA can be oxidised by both processes to form 8-oxo-deoxygaunosine (8-oxo-dG). A phenazine-based dye NR was reported to directly transfer electrons in the excited state to several substrates by the type I mechanism (16) (17) (18) . Rose bengal as well as MB is known to act via the type II photosensitisation mechanism, in which singlet oxygen is generated through energy transfer from an excited triplet-state sensitiser to groundstate molecular oxygen (19) (20) (21) .
In some cases, photo-activated compounds themselves directly attack DNA to form DNA adducts (type III) (22) (23) (24) . CPZ, which is widely used for psychotropic therapy, is activated to become a stable dechlorinated product that reacts with the carbon atom at the position 8 of dG in DNA (11) . Psoralen compounds such as 8-MOP are intercalated in DNA and cross-link double strands by the formation of a cyclobutane-type DNA adduct at thymine (24) .
Photo-genotoxicity can now be detected by various assay systems (25) . They include the Ames Salmonella assay (13, 14, 26) , the Lac reversion assay with Escherichia coli (27) , the chromosomal aberration test (26, 28) and the comet assay with mammalian cells (4, 5, 29, 30) . These assays are all well established and are advantageous because many assay data have been accumulated. The Ames Salmonella assay is the most fundamental and widely used assay for the detection of mutagenicity. In contrast, no studies have used the Salmonella umu test, a counterpart of the Ames assay, to detect photo-genotoxicity.
The umu test is a widely known assay system used for the detection of genotoxicity of compounds using Salmonella typhimurium (31) . A classical strain is TA1535/pSK1002, which possesses a plasmid (pSK1002) carrying the fused gene umuC'-'lacZ. Strain TA1535/pSK1002 enables the monitoring of the expression levels of the umu operon by measuring the activity of b-galactosidase produced in the cells by the fusion gene. An excellent correlation between the results of the umu test and those of the Ames test was observed with a concordance of 90%. The umu test has several advantages. Samples containing histidine can be used for the umu test. The assay time is relatively short, and the assay is easy to handle. A highthroughput methodology using 96-well plates has already been introduced (32) (33) (34) . These advantages allow rapid screening of photo-genotoxicity using minimum amounts of compounds.
In this study, to determine the adaptability of the umu test for the detection of photo-genotoxicity, we selected six compounds that are known to be photo-genotoxic [8-MOP, CPZ, NR, MB, dichlorobenzidine (DCB) and 2,6-dimethylbenzanthracene (DMBA)] and evaluated them using the 96-well protocol of the umu test after UVA irradiation with the new strains NM8001 and NM8021. The former strain was obtained by introducing the pSK1002 plasmid into strain YG3001 (TA1535 DmutM ST ) and the latter by introducing the pSK1002 plasmid into strain YG3021 (TA1535 DmutM ST , DmutY ST ) (35, 36) . The mutM ST gene is an analogue of the mutM gene of E.coli, which encodes a DNA glycosylase that releases 8-oxodG from DNA (37) . The mutY ST gene is an analogue of the mutY gene of E.coli, which encodes adenine glycosylase to repair a G:A or 8-oxo-G:A DNA mismatch (37) . By deleting these repair enzymes, which are related to oxidative damage, the photo-genotoxicity of the compounds could be detected with a high sensitivity in this study.
Among these strains, we found NM8001 to be a conventional detector strain for photo-genotoxic compounds. Additional experiments with NM8001 were performed to evaluate its effectiveness for newly developed strains. Under UVA, riboflavin (RF), an already known type I photo-genotoxic compound (38) , showed a photo-genotoxic response in a dosedependent manner. Phenalenone (PhN), an aromatic ketone present in the atmospheric environment (39) , was also found to be photo-genotoxic. To our knowledge, this is the first report on the photo-genotoxicity of PhN, although its singlet oxygen formation under UVA is well studied (40) . Moreover, under fluorescent light rather than UVA, NR effectively induced b-galactosidase activity. On the basis of these results, we concluded that the umu test with NM8001 under various light conditions could be used for the detection of photo-genotoxic compounds. Several limitations and the usefulness of the developed method were also discussed.
Materials and methods

Chemicals
The six photo-genotoxic compounds used in this study are shown in Figure 1 . All these compounds except PhN have been found to be photo-mutagenic by the Ames assay. CPZ hydrochloride, NR, 9,10-DMBA and xanthotoxin (8-MOP) were purchased from Nacalai Tesque (Kyoto, Japan). MB was obtained from Division Chroma (Münster, Germany). 3,3#-DCB was purchased from Sigma (St Louis, MO, USA). RF was purchased from Tokyo Kasei Kogyo (Tokyo, Japan). Perinaphthenone (PhN) was obtained from Aldrich (WI, USA).
Bacterial strains
The Salmonella strains TA1535/pSK1002, NM8001 and NM8021 were used in this study. Strains NM8001 and NM8021 were obtained by the introduction of the pSK1002 plasmid into strains YG3001 and YG3021, respectively. Strains YG3001 and YG3021 are highly sensitive to oxidative DNA damage, and they are proven to be useful for determining photo-mutagenicity by the Ames test (35, 36) . Strains NM8001 and NM8021 were constructed as follows: the pSK1002 plasmid carries the fused gene umuC#-#lacZ, which produces a hybrid protein with b-galactosidase activity whose expression is controlled by the recA/lexA regulatory genes (41) . The plasmid was modified by passing through S.typhimurium SJ10002 (r -m þ ), and the obtained plasmid was introduced into S.typhimurium YG3001 (hisG46, mutM ST -, uvrB-, rfa) and YG3021 (hisG46, mutM ST -, mutY ST -, uvrB-, rfa) (the latter two strains were kindly provided by Dr T. Nohmi of National Institute of Health Sciences) by DNA transformation. The resulting strains NM8001 and NM8021 were used for this work. S.typhimurium TA1535/pSK1002 was also used as a parental strain (31) .
UVA irradiation
UVA irradiation was performed using a UVL-56 hand-held UV lamp (6 W; Funakoshi, Tokyo, Japan) with an emission maximum at 365 nm. The lamp emitted wavelengths of approximately 350-400 nm and was placed on the top of a black box with a height of 15 cm. A plate (96-well) for the umu test was placed at a height of 6 cm from the bottom of the box. Under this irradiation condition, the samples with the bacterial solution were irradiated at 0.65 mW/ cm 2 , which was monitored by a UVA metre (Model UVA-365; Custom, Tokyo, Japan). Irradiation doses were calculated from the irradiation time and average of irradiation power.
Umu test for photo-genotoxicity assay
The umu test was performed by following a general procedure using 96-well microplates. In brief, 300 ll of overnight bacterial culture was added to plate wells (five columns and six rows). A sample solution, which was prepared by dissolving the sample in water, acetone or dimethyl sulfoxide (DMSO), was then added in increasing concentrations in six rows. Subsequently, the six rows of a sample set were covered with a sheet of aluminium foil. Only the first row was initially irradiated with UVA, and the foil covering the second row was then removed after an adequate irradiation time in order to irradiate both the first and the second rows with UVA. In a similar manner, the third, fourth and fifth rows of a sample set were successively irradiated by removing the aluminium foil cover after an appropriate time interval. The last (sixth) row was not irradiated and was used for setting the background as 0 J/cm 2 . This procedure was repeated two or three times for each strain. With this procedure, 
After irradiation, the sample culture was incubated at 37°C for 2 h. Bacterial growth was then determined by measuring the optical density (OD) at 595 nm (OD 595 ) with a microplate reader (Infinite F200; Tecan, Männedorf, Switzerland). Subsequently, 10 ll of the incubated culture was transferred to another 96-well plate, which was pre-filled with Z buffer (200 ll) and 0.1% sodium dodecyl sulphate solution (50 ll) for the LacZ assay. Following this, 10 ll of chlorophenol red-b-D-galactopyranoside (CPRG) (4 mg/ml) was added to each well, and the plate was agitated at 37°C for 1 h. After incubation, 100 ll of stopping solution (1 M Na 2 CO 3 ) was added to each well, and the plate was again agitated gently. The absorbance was then measured at 570 nm (A 570 ) with a microplate reader. The relative b-galactosidase activity (RGA) was calculated as described previously with a slight modification using the following equation (33):
The results were calculated as the mean values of duplicate wells from two or three independent experiments. Compounds that showed at least a 2-fold increase in the activity ratio compared with the background values were judged as positive compounds. A positive control of 4-nitroquinoline 1-oxide was also used for checking strain conditions.
Umu test under fluorescent light irradiation
For further elucidation of the photo-genotoxicity of NR, fluorescent light irradiation was performed with a fluorescent lamp (Toshiba 15 W) under the same conditions as stated for the UVA irradiation except for the irradiation time, which was set at 2 h, corresponding to a light energy dose of 1400 kJ/cm 2 . After 2 h irradiation at room temperature (25°C), Salmonella strains were further incubated at 37°C for 2 h, followed by the colouring procedure to measure b-galactosidase activity as stated above.
Results
Effect of UVA only on the Salmonella strains TA1535/ pSK1002, NM8001 and NM8021 Before the evaluation of photo-induced genotoxicity of the selected compounds, the effects of UVA irradiation on each strain were investigated (Figure 2 ). The Salmonella strains TA1535/pSK1002, NM8001 and NM8021 were irradiated with UVA at doses from 0 to 4 J/cm 2 . Long-term UVA irradiation was found to be genotoxic to all strains. In the case of strain TA1535, the induction of the umu gene gradually increased from 2 J/cm 2 . The LacZ levels of strains NM8001 and NM8021 were slightly higher than those of strain TA1535.
Photo-genotoxicity of the selected compounds UV irradiation per se was found to enhance umuC gene induction; we used UVA within the range 0-0.8 J/cm 2 for the genotoxicity assay of the compounds selected in this study. Within this range of UVA energy values, the effect of UV only on the umuC gene induction was negligible. The results of the umu test of the target compounds are shown in Figures 3 and 4 . The highest tested dose of all compounds was 10 lg/ml, except that of MB, which was 1 lg/ml and that of 8-MOP, which was 0.1 lg/ml. Because MB has a deep blue colour, a high amount of MB interfered with the assay results, especially in OD 600 measurement, which was related to the total cell concentration. In this study, the highest photo-genotoxicity was observed with 8-MOP. Because of the high activity of 8-MOP, the incubation time after addition of CPRG was set at 30 min, which is 50% of the incubation time used for the other photo-genotoxic compounds. In each strain, the combination of 8-MOP and UVA resulted in genotoxicity that depended on both the concentration and irradiation dose. At the highest concentration at 0.8 J/cm 2 , the umuC gene induction was elevated by a factor of 3.4 for strain TA1535/ pSK1002, 4.8 for strain NM8001 and 4.4 for strain NM8021 (Figure 4a-c) .
CPZ was also found to be a photo-genotoxic compound in all strains. In strain TA1535/pSK1002, the increase in LacZ levels was well correlated with the concentration as well as the photo-irradiation time. At the highest concentration, UVA irradiation at a dose of 0.8 J/cm 2 upregulated umuC gene induction by approximately three to four times compared with the level for the solvent control at an irradiation dose of 0 J/cm 2 . Upon UV irradiation, strains NM8001 and NM8021 exhibited a positive response similar to that of strain TA1535/ pSK1002 (Figure 4d-f) .
DMBA was found to be genotoxic in all strains. The umuC gene induction was four times higher with 10 mg/l of DMBA at 0.8 J/cm 2 than with the negative solvent control in strain NM8021 (Figure 4g-i) .
Although the three compounds mentioned above clearly showed their photo-genotoxicity, NR, MB and DCB showed only a slight induction of b-galactosidase activity in a dosedependent manner. Additionally, a 2-fold induction of the umuC gene was not observed at the highest concentration of these compounds.
Photo-genotoxicity of RF and PhN
Because strain NM8001 under 1 J/cm 2 irradiation of UVA was found to be sufficient to check the photo-genotoxicity of the test compounds, RF, which is a type 1 photo-mutagen, was also examined at a fixed irradiation time. Dose-dependent umuC gene induction was observed at a dose of 1 J/cm 2 , whereas no significant increase was observed without photo-irradiation (Figure 5a) .
PhN, an efficient singlet O 2 inducer under UVA, was also found to exert photo-genotoxicity. At a UV dose of 1 J/cm 2 , PhN efficiently enhanced b-galactosidase activities towards NM8001 within the range of 0-2 lg/ml tested in this study. At a dose .2 lg/ml, PhN exerted cytotoxicity towards the bacteria, resulting in a decrease of RGA values (Figure 5b ).
Photo-genotoxicity of NR under fluorescent light
The photo-genotoxicity of NR under a fluorescent light was further examined with NM8001. NR showed only slight umuC gene expression under UVA. To further optimise the assay condition, the light source was changed to a fluorescent light. Because the activation of the photosensitised compounds by fluorescence light has a very low efficiency, it was suspected Evaluation of photo-genotoxicity by umu test T. Takamura-Enya et al.
that a long irradiation time would be needed to evaluate genotoxicity. Simultaneous incubation at 37°C with a fluorescent light emission for 2 h induced severe amounts of cell death, as observed by the OD 600 . Therefore, we used an irradiation time of 1-4 h at room temperature (25°C), followed by 2 h incubation at 37°C. For this method, an irradiation time of 2 h was found to be the most optimal time (data not shown). Much longer irradiation times decreased the ability to induce umuC. Using 2 h irradiation on NR solution with bacteria, a clear enhancement of umuC induction was observed in a dose-dependent manner ( Figure 6 ).
Discussion
In this study, we found that the umu test is a useful tool for the detection of the photo-genotoxicity of compounds. Compared with other photo-genotoxicity assays, the photo-umu assay using 96-well plates not only provides rapid screening but also decreases the solvent volume and chemical amounts required for detection. Moreover, the newly developed strains NM8001 and NM8021 were found to be highly sensitive to oxygen radical damage, especially as observed with DMBA and 8-MOP. The other oxygen radical-inducing compounds MB and DCB under photo irradiation, however, resulted in only a slight induction of the umuC gene. In the case of MB, coloured material hampered the measurement of OD 600 in particular, which made it difficult to perform the assay at a higher dose. In the Ames test, this compound exhibits a positive response at a dose of 10 lg/plate, which is much higher than the highest dose of 0.2 lg/well used in our study. Because MB has a UV absorption maximum at 650 nm, the use of other light sources such as fluorescent light was expected to enhance umuC gene induction. However, only replacing the light source did not improve the ability of MB to induce LacZ. The blue colouration of MB still hampered measurement of the OD 600 as an indicator of cell viability. Several efforts at diminishing the blue colouration, such as the addition of reducing agents for decolourisation and centrifugation of the cells, followed by washing-out of the blue colour, were unsuccessful. DCB resulted in a slight induction of the umuC gene suggesting that treatment at a higher dose would show clear genotoxicity. However, we could not perform the assay with a much higher concentration of DCB owing to its low solubility in DMSO, acetone and water, which were used as the components of the solvent.
In this study, UVA dose ranges were set from 0 to 0.8 J/cm 2 because further irradiation enhanced b-galactosidase activities. This SOS induction by UVA has been reported by several researchers (42, 43) .
CPZ is known to be photo-activated to form a promazine radical, which causes an electrophilic attack at the C8 position of dG in DNA. Such a bulky adduct is generally eliminated by nucleotide excision repair (e.g. by UvrABC proteins); therefore, deletion of enzymes involved in base exchange repair did not enhance activity, as similar genotoxic activity was observed in TA1535/pSK1002 and NM8001. During the course of our preparation of this manuscript, another research group reported results of the photo-irradiated umu test with CPZ. They showed a 4-fold induction of LacZ compared with the background values with the strain TA1535/pSK1002 (43) . Our results were consistent with their finding, although the fold induction observed in our experiment was lower because of the shorter irradiation time of UVA.
8-MOP was found to be the most genotoxic among the compounds tested in this study. Moreover, its genotoxicity was considerably enhanced by the reduction in the base excision repair enzymes mutM and mutY. The mutM ST gene encodes a protein with glycosylase activity towards 8-hydroxydeoxygaunosine, which is the most abundant oxidised base in DNA. It is also known that the enzyme encoded by the mutM ST gene removes many damaged bases, including 8-oxoadenine, formamidopyrimidines, 5-hydroxy-cytosine, 5-hydroxy-uracil and ring-opened N-7 guanine adducts (7-methylguanine) (4, 5). 8-MOP can react with thymine to form cyclobutane type DNA adducts, and it can also cause DNA cross linking, both of which are targets of the nucleotide excision repair activity of the human cell-free extract. The in vivo photo-toxicity test using BALB/3T3 cells revealed that the toxicity of 8-MOP was not affected by radical scavengers, though singlet O 2 production was observed (44, 45) . The photo-comet assay also Evaluation of photo-genotoxicity by umu test showed a clear reduction in the tail moment, which indicates that DNA cross-linking upon irradiation is the main form of DNA damage. The results obtained in the present study supported that type I and/or type II photo-oxidation of DNA is involved in the photo-genotoxicity of 8-MOP. It is also possible that, in some part, cyclobutane-type adducts of 8-MOP could be removed by mutM and mutY.
DMBA is well known to induce activated oxygen molecules, which damage DNA. Only a slight genotoxic activity was observed in the original strain TA1535; the genotoxicity was observed to increase in strains NM8001 and NM8021, which indicated that oxidative damage was involved in the induction of the umuC gene. Photo-irradiated DMBA is also reported to cause the formation of bulky DNA adducts (46) . The contribution of these bulky adducts to the genotoxicity might be small, as observed in strain TA1535/pSK1002.
NR was also reported to be photo-mutagenic using the Ames test in YG3001, the original strain of NM8001, after irradiation with fluorescent light. Under UVA irradiation, the increase in the RGA values of NR was small, probably owing to its low molar UV extinction coefficient at 365 nm. In contrast, fluorescence induced photo-genotoxicity by NR at a much lower concentration of 1 lg/ml. NR-induced umu genotoxicity by visible light was more easily detectable in NM8001 than in TA1535/pSK1002, indicating that the oxidative damage of nucleobases via a type I mechanism is likely the main form of this photo-genotoxicity (data not shown).
RF also clearly exerted its photo-genotoxicity using the system developed in this study with NM8001 under UVA. RF is classically known to be a type II photo-genotoxin. However, Ito et al. (38) showed that a type I mechanism of RF is accompanied with the oxidation of the GG tandem nucleotide site in DNA. In either case, oxidised guanine in DNA and further oxidised products were produced and these lesions might enhance the SOS signal in bacteria. PhN is known as a photo-sensitiser with approximately a 100% quantum yield for the production of O 2 . PN is also known to be present in the atmospheric environment in large quantities. We reported here, for the first time, that PN has photo-genotoxic activity.
In conclusion, this study revealed that the photo-umu assay can be used for the rapid screening of the photo-genotoxicity of compounds, although deeply coloured materials and also products with a low solubility cannot be used for the proposed simple procedures. Because deletion of the MutY enzyme did not enhance the genotoxic activity of the compounds tested in this study, the use of the NM8001 strain is sufficient for the detection of photo-genotoxicity. A merit of the umu test is that the assay system is based on the SOS response of bacteria. Therefore, cross-linking double-strand breaks and intercalation, all yield positive responses within a relatively shorter experimental time with conventional apparatus (i.e. a handheld UV lamp). Some anticancer drugs are also being assayed with the umu test system to show the positive response. Candidates of photo-sensitive reagents for photodynamic cancer therapy are also being evaluated in the same system. These studies are now ongoing in our laboratory.
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